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Abstract Table 1: Parameters of the Cornell B-cell SRF cavity.
CESR hasundergone a phased upgrade to replacéour | Frequency 500 MHz
NRF cavities with four SRF cavities.  Details of | aperture 24 cm
configuration of the coupleaind experiencewith coupling Effective aa 30 cm
high RF power to the SRF cavities are presented. - 9ap
Discussions ofconceptual detailsegarding an untried | Gradient : > 6 MV/m
processingechniqueand acoupler geometrythat shows | UnloadedQo at 6 MV/m gradient > 109
promise of being less susceptible to multipactdrQey; 2 x 105
resonances are also presented. Shunt Impedanca 89 GO

1 INTRODUCTION Deliveredpower at 1 Anp beam current 325 kw
The SRF upgrade tothe CESRelectron/positrorstorage |-HOM power at 1 Amp beam current 13.7 kW
ring at Cornell hagproceeded in @hasedmanner for the [ Number of cavities in CESR 4
past several years apart of a machine-encompassing
luminosity upgrade.[1] CESR’s four multi-cell copper NG o
NRF cavities have beenreplaced by four single-cell N}

niobium-sheeSRF cavities withparameters agiven in
Table I. TheCESR Il upgradegoal is to attairl. AMpP  ercaiyoaer =
total beam current and luminosity7 x 10%® cm?s™. ‘

As is becoming commonplacgith SRF installations
world-wide, coupling high RFpower tothe CESR SRF
B-cells has required diligent processing of the coupler.
Degradation in coupled power about 10%occurs after
severalmonths of running,regardless of re-processing
efforts, cured only by awarm up of the cryostat to
evaporate accumulatezbndensedjases. Couplegower
limits are established bythe level at whichrepeatable
vacuum burst®ccur inthe waveguideregion, causing a
dqmp of storecheam. Onpe_the window is _conQ|t|oned 2 COUPLER LAYOUT
without beam, photomultipliearc detectorsiewing the
vacuum side of the ceramic rarely show the window as tAé shown in the CESRSRF cryomodule layout in
cause of such vacuum bursts. Thisndicates the Fig. 1, 500MHz RFpower isdeliveredvia WR1800air-
discharges occur further along the waveguide dufiE@gR filled rectangular waveguide to aroom temperature
operation, as described in the next section. vacuum window located beneath the cryostat.  The

In the following sectionsprief accountsare given of window incorporates atransition to reduced height
couplerlayout, processingechniquesandattainedpower Wwaveguide. Avacuum pumping section follows the
delivery to CESR beam.References are made ttetails window, containing photomultiplierarc detectorsthat
which have been largelpresentedelsewhere. This is view the vacuumside of the ceramic window. The
followed by discussions of conceptual detaglgarding an pumping section isfollowed by a LN-cooled 4"x17"
untried processintgchniqueand acoupler geometry that rectangular waveguide double-E bend, a coldjegcooled
shows promise of being less susceptible to multipacto¥ 4.5K inlet) thermal transition to the Helium vessel,
resonances. then the niobiumd" x17* waveguide up tdhe cavity iris

HOM coupling to the CESRB-cells is by way of the coupler.
beampipe to room temperature beamline loads. Details offhe great majority of vacuum bursts which t@ESR
the CESR HOM loads have been reported in Ref. [2]. interlocks, terminat&kF, anddump beamare detected at

the vacuum pumping sectidseneaththe cryostat. As
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Figure 1: Layout of the CESR Mark Il cryomodule.
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mentioned in the Introduction, signals from photo-

multiplier arc detectorsdirectly viewing the ceramic
window rarely accompany such vacuum trips, thotrgy
do so prodigiously duringnattached windowprocessing.
It is then verylikely that thedischarges ar@ccurring in

the double-E bend,thermal transition to the Helium =

vessel, and/or the niobium waveguide.
An obvious discharge culprit that SRF couplbave in

common world-wide is condensed gases in the cold regid

enhancing the surface secondaryelectron enssion
coefficient. This is independent ofjeometryand nakes
familiar multipactorbarriersmore virulent. Aggressive
vacuum bakingand high pumping conductancewhere
feasibleare practicesgiven greaterattention in evolving
designs.

To make matters more challenging in tgESR
coupler, about a meter of the interior of thauble-Ebend

‘o

Figure 2: Photo of sawtootpattern on interior of the

is corrugatedwith a sharp1/16" sawtooth pattern as gouple-E bend.
shown in Fig. 2. Thisvas implemented to attenuate IR

radiation propagating téhe helium vessehnd possibly
deter multipacting by spoiling resonant conditions.
However,the array of electric fielchear-singularities may
be acting as emittersand generously seeding the
multipactor barriers encountered. The fifth CESR
cryomodule being fabricated to serve as a sparwill
eliminate these corrugations and further htheedouble-E
bend maddrom smoothcoppersheetrather than copper-
plated stainless steel.

3 COUPLER PROCESSING

The challenge ta&SRF coupler processing islue to the
characteristic ofSRF cavities being greatlyovercoupled
without beam. The greatlgvercoupledcondition results
in negligible travelingwave power, allowing standing-
wave processing of onlgarrowregions of thewaveguide

Considerable progress in traveling wave power bees
made since the firdtarrier at90 kW madeitself apparent
in the first CESR SRF cavity installed Fall 1997. To
date,among thethree SRF cavities thathaveoperated in
CESR'’s East and West RF stations, the maxinpawver
coupled to beam haseenE2=212 kW, E1=218 kW, and
W1=261 kW.

The W1=261 kW level wasaccomplished during a
short run in Spring 1999, partlgnabled byhaving the
full power from a dedicatedklystron available for pulse
processing of the coupler. With th€ESR run
commencing in Fall 1999%ach ofthe two East SRF
cavities will have adedicated500 kW RF sourcerather
than the previou8dB split from a single klystron. And
the fourth and final SRF cavity is now installed in station
W2, sharing itsfeed with W1 via a3dB split, though

at the standing wave’s electric field crests. Indeed, vacupewered by anew 800 KW klystron which should not

trips in the CESRB-cell couplers occur atstrictly
repeatable traveling-wave power thresholds fzeam
loading increases.[3]

The most successful processing technique foCBSR
B-cells hasbeenpulsing the cavity with high RFpower

on or close to resonance to the point it is in the process of

quenching. The RF coupling then gets closentiched
and there develops a significant traveliugve component
sustained for=10 ms. For pulses in which theavity

doesnot quench,upon termination of the RF theavity

dumps its storeénergy tothe waveguide. This produces
a largespike of travelingwave power inthe opposite
direction with amplitude four times the terminaiadident

power.[4,5]

CESR cryomodules successive tihe first have had
their coupler regionsodifiedto: 1) increaseconductance
in the pumping section, 2) dull the shaigdges in the
double-E bend byacid etching, and 3)include a vacuum
bake of as many components as possien if they are
subsequently exposed to atmosphere during assembly.

limit pulse processingability. The CESR phase Il
luminosity goal 0of1.7x10* cm?s* will require325 kW
to be coupled tothe beam byeach ofthe four SRF
cavities.

4 WINDOW PROCESSING

Initial processing of the roontemperaturewaveguide
vacuum window occurs “offlinetvith two windows back-
to-back asdescribed inRefs. [5,6], up to apower of
450 kW. Much attentionad beengiven to the nominal
30 A titanium anti-multipactor coating on theeramic;
too thin a coating resulting in lengthy offline processing,
too thick a coating causingverheating of theceramic.
In-situ operational experience with arc detectors has
shown, however, that thevindow is rarelythe cause of
coupler vacuuntrips, evenwith a thin titanium coating.
Thus it is best teerr onthe side of too thin a titanium
coatingandacceptiengthy offline processing, having the
benefit of high power operationwithout concern of
overheating theceramic. Next generation highpower



window designs [7]will most likely utilize a low-loss Double-choke sliding short Adjustable trombone loop

anti-multipactor coating such as titaniuroxide or Htiihﬂ'ﬁ I
chromium oxide, allowingyenerous thickneswith little i% 3 HFW*TWY_\J

regard to overheating. y

\“—Coax feed

An important aspect ofthe window turnedout to be Xé_ﬂ Electric field standi;wg wave amplitude
smoothness of theopper-platedsteel waveguidehousing. |
The first three windowslelivered haginprick protrusions {EM:##W}

on the surface which would snag a clean-ramoth when - . . .
wiped. During offlineback-to-backprocessing, signals mggrecgupglr'dt'gg's%g%rttﬂ"ﬂaena'lﬁug’}ggtr;i(?ff%ljtsa%%“g?/the
from photomultipliers viewing the vacuurside of the gy faces.

windows showedmuch greater light activity in the

windows with pinpricked wall plating thawindowswith  \here P is the traveling wave power,

smooth plating.

When installed on the SRF cavity, théndow ceramic Z. = U—%
is located near an electric fiektandingwave maximum 1- [g:k%g2 @
established in annloadedcoupler. The puls@rocessing 0 /ol

described inSection 3 then serves nicely to process the ) ) )
window ceramic region.This is confirmed bysignificant 'S the guide wave_lmpedanfnc the free spacenpedance,
window arc detectorctivity when re-processing after the C the speed oflight, 'k =rja, and w the angular

atmospheric exposuréhat occurs duringfinal cryostat frequency. Viewing the coupler as a cavity ¢éngth d
assembly. being processed irthe TE,,, mode, thedissipated wall

power in terms of the standing-wave peak eledigid E,

In addition to offline processing of the vacuamdow, e Sld
along the centerline is given by

future offline processing mayinclude all coupler

components up to the niobiumaveguide attached to the RE2 0O, add ., ad[T]
CaVity. WL - 2 I~€ a)d +7D+ kz %\b +?EH ’ (3)

5 SLIDING-SHORT PROCESSING  whereR is the wallsurfaceresistivity, w, the resonant

An untried technique to process SRF couplerin-situ is angular frequency that must satisfy
to create acavity from the waveguide feed. Using a —eo k2 k2
sliding short upstream of theindow asone end of the @ Eeicirk @
“coupler cavity”, the overcoupledSRF cavity iris then . the permeability of free space, akd= prr/d.
serves aghe othershorted end. Aghe sliding short The CESR SRF coupler has a=43.18 cm and
translates, an RF system mustack the resonant b=10.16 cm. From eq. (1) the phase lltarget of
frequency ofthis couplercavity. Thepeak electricfields 325 kW traveling wave delivered tobeam at500 MHz
in the standing wave then scan over all but the last two aorresponds to a peakTE,, electric field of
so half-periods inthe coupler, as illustrated ifrig. 3, E, =125 kV/m. Using a practical axiahodenumber of
processing emitters away. A lo@mtenna orthe face of p=8 and surfaceresistivity R corresponding to room
the sliding short remainsoupled tothe fixed boundary temperature coppereq. (3) gives 291 W required to
condition of theB, field of the TE,,, couplermode at all generateE, =125 kV/m at 500 MHz and cavity length
times. For coax couplers, an analogous coax sliding shart 3.33 m. This increases to 370 W at 444 Miwhen
or rectangular-coax transition could be used. the sliding short is retracted 1 m. Solid state $Erces
Most of such sliding-short processing takgace at are readily available with such powers and frequency range.
frequencies removetfom the SRF cavity’s accelerating  In the CESR SRF coupler, however, tapperplating
mode, processing multipactogsonance¢hat are different on the stainless steel walls iatherpoor. Taking the
from those encountered during SRF cavity operation. Therfaceresistivity as that of steel, thélE,,, powers
general effect oburning off high field emitters, though, increase to 2.1 kW at 500 MHz and 2.7 kW at
eliminates them assources for all resonances. 444 MHz. Solid state RF sourceare also available at
Additionally, bombardment of couplesurfaces during these powers, but the cost is quite high.
such processingscrubs” them to lower theirsecondary  Sliding-short standing-wave processing may prove to be
emission coefficient. an effectiveway to process nearlgll regions of SRF
For arectangular waveguideoupler of width a and couplersin-situ. It will requiretemporarily breaking the
height b, the peak TE,, traveling wave electricfield RF feedupstream of the vacuumvindow and installing
along the centerline is given by the sliding-short apparatus. If the coupler fabricated
4Pz with quality copper surfacesthe TE,,, cavity power
E =./ 1 (1) required toestablish theequivalent electric field ofTE,,
traveling-wave operation is reasonable.
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Figure 4: Trajectory of an electron laundisplacedfrom
the midline in theTE,, mode of rectangular waveguide.
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Figure 6: MAFIA solution of theelectric field of the
fundamental mode of the waveguide illustrated in Fig. 5.

Figure 5: Wedge-shaped hollow waveguide cross section.

6 NOVEL COUPLER GEOMETRY

Overtwo decadesgo, implementation of sounded SRF
cavity profile [8] instead of pillbox enabled suppression
many virulent multipactoresonancesvhich had severely
hinderedSRF cavity performance up tahat time. A
similar geometrical approach t8RF coupler variation is
presented here.

Electron trajectory tracking codes have long
successfully quantified multipactor resonances.[9] In
rectangular waveguideTE,, mode 2-point multipactor
resonances have beshown to occur along the cross-
sectional midline at thpeak ofthe electric field. These
multipactor barriers visualized by 2Bimulation agree
well with experiment.[10] Using the rectangular
waveguide TE,, convention ofE,, B,, and B,, these
resonancesilso have slow migration along thez-axis
arising from thev, x B, Lorentz force. Interestingly,
trajectories launched displaced frahe midlineexperience
a transverse/, x B, force and migrate tthe sidewall after
a few impacts, as shown ifrig. 4. Therethe electric
field is zeroand successivdow energyimpacts quickly
damp secondary multiplication to negligible levels.

For coaxial couplerswith aligned, round conductors,
troublesome TEMmode resonances have beshrown to
typically occur with repeatingimpacts on theouter
conductorwall.  Again, trajectories closelyfollow the

radial electric field and have slow migration along the axis

arising from thev, x B, Lorentz force. Coax multipactor
barrier power levels predicted by Zimulation agreewell
with experiment.[11,12]

Since both rectangular and coaxial waveguide
multipactor trajectories remain welligned with the

repeatablepaths and even drive them to regions ofero
electric field.

One such unconventionalaveguidecross section is
illustrated in Fig. 5. Rectangulamwaveguide is altered to

cBave the broad walls non-paralleland the sidewalls as

ircular arcs to facilitate analysisThis “wedgeguide” has
a fundamental modesimilar to the rectangular TE,,.
Modifications to coax have beeexplored elsewhere
[13,14], but since TEMmodes have naegion of zero
electric field, resonant trajectories remaineBiscussion
of the wedge-shaped hollow waveguide follows.

6.1 Wedgeguide

A MAFIA solution of the electric field of théundamental
mode ofthe waveguideillustrated inFig. 5 is shown in

Fig. 6. This mode can be analyticatigated as &igher

order TE mode of coaxial waveguide wherehe broad

walls are on 8 = const surfacesand the sidewallsare on

r =const surfaces, as indicated Fig. 5. The azimuthal
harmonic ofthis TE mode is n=0 and the cutoff

wavenumberk, is given by solution of thé&ranscendental
equation

3(ka) _ Ni(k.a)
33(kb) ~ Ni(k.b)

whereJ and N arethe usualBesselfunctions.[15] The
field components are given by

’ ©)

respective mode’s electrifield, a resonance-disrupting yhere

effect may beprovided byaltering the waveguide cross
section so as tdorce a curvature orthe electric field.
This could disallow the trajectories fromtraversing

€, = E[3(ke) - (k)] &)
H =P (6b)
Wi
_ —ikE, _ i(w-) 6
H, = o [Jo(kcr) gNO(kCr)]e (6c)
_ Ji(ka)
97N ™
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Figure 7: Secondarymultiplication in CESRrectangular

waveguide after 20 impacts.
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The peak azimuthatlectric field occurs at a radius,
solving

k) _ O Ny (kyre) O
Bl == = maia(en) - EE0 @)
and has the value
B peak [‘] kcr gNl(kcre)] (9)

Integration of thePoynting vector gives thepropagating
power as

P= af;i_ rZ(RiZ(kcr) - R)(kcl’)Rz(kcr))]: , (10
where
Rn(x) = ‘]n(x) - gNn(X) (11)

These analytic forms allowgreater accuracy and
computationspeed of drajectory codethan using,e.g.,
interpolation of MAFIA fields shown in Fig. 6.

6.2 Multipactor Code

A code was written to search for multipactesonances
in 2D geometry. Electronare launchedrom arange of
selectedocations at aange of RFphases, typically30°
to 180° in 5° steps with the electric fiellOsin(¢). The
RF power is scanned over a selected rangk kilV steps.
For each RF launch phaseeschpowerlevel, secondary
electron multiplication due to impacts islogged by a
multiplicative counter utilizing a familiar curve of
secondaryyield vs. impactenergy.[16] At each power
level these secondaryuttiplications are summed over all

launch phases. This is similar to what has been termed animpacts, as shown inFig. 9.
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Figure 9: Trajectory of an electrdaunched aB2 cm in
wedgeguide andxperiencing ahort termtransversdorce
balance, eventually migrating to a sidewall.

“enhanced counter function,” except there are no
restrictions decided by RF phase upon secondary
launch.[11,17] The initiaklectronandall secondaries are
launched at2 eV normal to thesurface. The code is
typically run for 20 impactger initial launch condition,
terminated if secondary multiplication become$0~, or
terminated ifthe electronhits a specified boundary, such
as a rectangular waveguide sidewall.

As a test of thecode it was run for knownsimulated
and experimental cases of rectanguland coaxial
waveguide.[10,12] Theesultsare shown inFig. 7 for
CESR rectangular waveguidand in Fig. 8 for TESLA
40 mm 50Q coax. Theseagreewell with previous
simulations and experiments.

6.3 Wedgeguide Multipactor Simulations

The traveling-wave RF fields in eq. (6) were used in the
abovedescribednultipactorcode. Thregphenomenon in
wedgeguide have become apparent after initial scans of RF
power, launch phase, and launch position:

1) The greatmajority of electron trajectories alternately
impacting on thebroadwalls quickly become anti-
resonant with theRF. After a dozen or soimpacts
they perform successivdow energy impacts and
secondarymultiplication quickly decays tonegligible
values.

The trajectories have a migration bias toward lénger
radius sidewall due to the E, field curvature.
Trajectoriesthat survive anti-resonant conditiomgell
enough to maintain a significantsecondary
multiplication migrate to this walkind areassumed to
terminate thergjust asseenwith normal rectangular
waveguide.

The outward radialmigration due to the E, field
curvatureopposes the netward radial v, x B, force
that occurs at radii less than the peak of Eydield as
given by eq. (8). Foseveral RF powelevels these
opposingforces areclose to equal andthe electron
trajectory can remain close to resonant inranconst
vicinity. Fortunately,for all suchcasesrevealed to
date, the force balance isnot constant along the
trajectory and it eventually becomes anti-resonant
and/or migrates to asidewall after acouple dozen
The secondary

2)

3)
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Figure 10: Secondarymultiplication in wedgeguide after

20 impacts with initial electron launch position3 cm.

The x’s correspond to the short terpalancedrajectories

[5]
described in item 3 above which terminate at a sidewall. (6]

. .400 [3]

(4]

multiplication function may be high uposidewall
impact, but it is assumed that having zetectricfield
there causes successiegv energyimpacts toquickly
damp secondary multiplication to negligible levels.

The departurefrom resonancedescribed initem 3 is in
contrast to standardrectangular waveguidenultipactor
resonancealong the centerline. Rectangulaenterline
resonances are fairly stable since theregsnaoth null in
the B, field there. Secondarymultiplication simply
increases adnfinitum as number ofallowed impacts
increases. If thewedgeguide is altered tdave flat
sidewalls rather than radiused, the madial force balance
described in item 3 may be further disturbed so adetay
even faster.

Shown in Fig. 10 is secondarymultiplication vs.
power for wedgeguide with initial electron laungbsition
at 32 cm on the lower axis shown in Fig. 9. Thé&s in
Fig. 10 correspond to the short tebalancedrajectories
described initem 3 above. Launching &2 cm has
shown the most likelihood oéxperiencingshort term
balanced trajectories. All such trajectonesre terminated
in the simulation uponsidewall impact. Future
simulations will continuetracking secondariesrom the
sidewalls to verifysecondarymultiplication decaying to
negligible levels there.

Thus far the wedgeguidegeometry shows promise as
having greatly reduced multipactor susceptibility. A
coupler fabricated with this shape would likely stdtjuire
some processing to burn off emitters, but ithgpedthat
such processing willproceed quickerand not show
degradation as experiencedth current couplers. Care
would also have to be taken to ensure thare no other
multipactor-susceptible components in the coupler chain,
such as the vacuum window. indow designswith no
electric field components normal to theeramic would
keep stray electrons froimpacting these typically high
secondary coefficient materials.[5]
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